Cockayne syndrome is an autosomal recessive multisystem disorder characterized by intellectual disability, microcephaly, severe growth failure, sensory impairment, peripheral neuropathy, and cutaneous sensitivity. This rare disease is linked to disease-causing variations in the ERCC6 (CSB) and ERCC8 (CSA) genes. Various degrees of severity have been described according to age at onset and survival, without any clear genotype-phenotype correlation. All types of nucleotide changes have been observed in CS genes, including splice variations mainly affecting the splice site consensus sequences. We report here the case of two brothers from a consanguineous family presenting a severe but long-term survival phenotype of Cockayne syndrome. We identified in the patients a homozygous deep intronic nucleotide variation causing the insertion of a cryptic exon in the ERCC8 (CSA) transcript, by modifying intronic regulatory elements important for exon definition. The pathogenesis of the nucleotide variant NG_009289.1(NM_000082.3):c.173+1119G>C was validated in vitro with a reporter minigene system. To our knowledge, these are the first Cockayne patients described with this kind of disease-causing variation, though molecular mechanism underlying early onset symptoms and unexpected slow raise of progression of the disease remain to be elucidated.
Introduction
Cockayne syndrome (CS) (Orpha number 191, OMIM 216400 and 133540) is an autosomal recessive multisystem disorder with an estimated incidence of 2.7 per million live births in the Western Europe [1] . It belongs to the family of nucleotide excision repair (NER)-related disorders together with xeroderma pigmentosum and trichothiodystrophy. CS is characterized by progressive and severe growth failure, microcephaly, intellectual disability, cerebellar ataxia, spasticity, peripheral demyelinating neuropathy, sensory impairment, cutaneous photosensitivity, dental decay, and recognizable facial appearance with deep sunken eyes [2, 3] . The clinical spectrum of CS encompasses a wide range of severity that includes the classical or "moderate" form CS type I, the early-onset cases with congenital signs of the disease, named CS type II and the late-onset cases who may only be affected in late childhood or even adulthood, named CS type III. The mean age at death was 8.4 years but varies according to the CS type [3] .
CS cells show a specific defect in transcription-coupled DNA repair (TC-NER), a subpathway of NER involved in the removal of UV-induced DNA lesions in actively transcribed genes [4, 5] . Since the early 1980s this cellular testing using the particular sensitivity of CS cells to UVlight is used to confirm the clinical diagnosis of CS.
The two major genes responsible for the disorder, ERCC6 (CSB) and ERCC8 (CSA), were identified in the mid-1990s [6, 7] . The encoded proteins, CSB and CSA are respectively a DNA-dependent ATPase and a WD40 repeat component of an E3-ubiquitin-ligase complex. CSB protein is believed to assist RNA polymerase II in dealing with transcription blocks caused by DNA damage, but others roles have been suggested, including the repair of oxidative damage in DNA and roles in mitochondrial DNA metabolism (reviewed in Karikkineth et al., [8] ). CSA may be involved in the targeted ubiquitination of proteins such as CSB [9] . A role for the CS proteins in expression of neuronal genes and thereby in neuronal differentiation has been recently suggested [10] .
ERCC6 (CSB) and ERCC8 (CSA) genes account for about two thirds of the CS cases for ERCC6 (CSB) and one third for ERCC8 (CSA), respectively [3, 11] . Although it is usually acknowledged that ERCC6 (CSB) and ERCC8 (CSA) patients are clinically indistinguishable, it seems that a larger number of ERCC6 (CSB) patient are affected by more severe forms of the disease, whereas disease-causing variations in ERCC8 (CSA) appear to be preferentially associated with the classical form type I [11] . The complex genotype-phenotype correlations for ERCC6 (CSB) and ERCC8 (CSA) variations still require to be clarified.
All types of disease-causing variants have been detected in CS patients: missense variations, nonsense variations, frameshift small deletions or insertions, large deletions, as well as splicing variations [2, 11] . The majority of the described splicing variations affects the splice site consensus sequences and usually involves one of the six bases surrounding the exon/intron junction. A mid-intronic variation creating cryptic exon has only been described once in a CSA patient (patient CS333VI in Laugel V et al., [11] ). In this case the homozygous deep intronic substitution was shown to activate a cryptic splice site within the intron.
We describe here a deep-intronic ERCC8 (CSA) substitution resulting in the insertion of a new cryptic exon in the mRNA of two CS affected siblings, not by activating a cryptic splice site but by modifying intronic regulatory elements important for exon definition.
Materials and methods

Patients and samples
The reported cases are two brothers born from healthy Turkish parents. They have been already mentioned in a previous study as patient CS466VI and CS466VI_2 [11] . Mother and father are first cousins once removed (the father of the two patients married the daughter of his first cousin).
Patient 1 (CS466VI) (Fig. 1a) was the second child of the couple. He was born at term. His birth weight was 2650 g (−2 SD), length was 48 cm (−2 SD) and his head circumference was 33 cm (−3 SD). The patient's weight reached a plateau at the age of 2 years. His body weight was 7.9 kg (−3.5 SD), size was 78 cm (−2.75 SD), and head circumference was 41.5 cm (−7 SD). The patient displayed severe psychomotor delay. He was able to sit with support but was never able to walk and did not develop any speech. Ophthalmological examination revealed poor visual contact and persistent pendular nystagmus. Hearing reactions seemed to be normal. The patient had no skin abnormality. Neurological examination at the age of 7 revealed progressive spasticity of lower limbs flexor muscles. At the age of 14, brain magnetic resonance imaging (MRI) showed white matter atrophy and abnormalities in myelination (Fig.  1b) . A gastrostomy was performed at the age of 19 years. At the age of 20, type II diabetes was discovered. Ophthalmological examination revealed bilateral cataracts, atrophy of the optic nerve and retinal dystrophy. The development of numerous dental caries required the removal of all teeth at the age of 15. At the last clinical assessment, the patient was 23 years old and was bedridden with poor social interactions. He passed away at 23 years of age.
Patient 2 (CS466VI_2) (Fig. 1c) was the third child of the couple. Pregnancy was marked by intrauterine growth retardation and vermian hypoplasia on antenatal ultrasound. The patient was born at 40 weeks gestation by caesarean section due to signs of fetal distress. Birth weight was 2490 g (−3 SD), size was 48 cm (−1 SD), and head circumference was 30.5 cm (−3 SD). His thumbs were adducted in his palms. The patient presented severe growth retardation: at 4 months of age, his weight was 3.7 kg (−3 SD), size 54 cm (−3 SD) and head circumference 33 cm (< −4 SD). Sensorial examination revealed bilateral deafness, erratic movements of both eyes and poor visual contact. Neurological examination showed progressive spasticity of lower limbs flexor muscles. Brain MRI confirmed the cerebellar vermis hypoplasia. Furthermore the patient presented severe eczematous lesions. The implementation of a gastrostomy was decided at the age of 11 years. At the last examination, the patient was 17 years old. His weight was stable at 22 kg (−5 SD) and his microcephaly was still getting worse (44.5 cm, −7 SD).
Written consent for genetic testing was obtained from the parents, for themselves and for their affected and healthy children. Peripheral blood samples were taken from all family members for DNA extraction. Primary fibroblasts cultures were obtained from patients skin biopsies. 
DNA repair functional assays
Recovery of RNA synthesis (RRS), evaluating the transcription-coupled repair pathway (TC-NER), was performed on primary fibroblasts cultures using fluorescent non-radioactive assay as described previously [12] .
Western blot analysis
Fibroblasts whole-cell extracts were separated on SDS/8% polyacrylamide gel and transferred to Hybond nitrocellulose membrane (Amersham Biosciences, Little Chalfont, United Kingdom) in blotting buffer (Tris 25 mM, glycine 0.2 mM, methanol 20%). After blocking (60 min in 5% milk), the blot was incubated overnight with the anti-CSA antibody (dilution 1:1000) purchased from Abcam (product code ab96780, Cambridge, United Kingdom) and 45 min with anti-goat secondary antibody (dilution 1:5000), then revealed by ECL western blotting detection system (Amersham Biosciences) [13] .
Sanger sequencing analysis
Genomic DNA was extracted from whole blood and from fibroblast cultures using standard procedure (Qiagen, Hilden, Germany). RNA was extracted from fibroblast using TRI Reagent and was then reverse transcribed by SuperScript II reverse transcriptase (Invitrogen, Carlsbad, California, United States). Complementary DNA was amplified by overlapping fragments covering the whole ERCC8 (CSA) transcript. (Supplementary data 1) . PCR products obtained from patients and from an unaffected control were analyzed by electrophoresis on a 2% agarose gel or by using the LapChip GX (Caliper) microelectrophoresis system. ERCC8 (CSA) genomic coding sequence as well as ERCC8 (CSA) transcript were studied by PCR amplification and Sanger sequencing. A primer pair has been used for the amplification of the full length ERCC8 (CSA) cDNA. Because of the large size of the amplicon, two other primers were used to allow the cDNA sequencing in four overlapping ERCC8 (CSA). Primer sequences are available in Supplementary data 1. PCR products were analyzed on conventional agarose gel or on the LapChip GX (Caliper) microelectrophoresis system and then purified (Illustra ExoProStar S, VWR or Qiaquick PCR purification kit). Sequence reaction were performed with the Big Dye v1.1 sequencing standard kit (Life Technologies Inc., Carlsbad, California, United States), purified by Big Dye Xterminator purification kit (Life Technologies Inc.) and then analyzed on a capillary sequencer (3130 XL or 3500 Applied Biosystems). Sequences of the patients were compared to the reference ERCC8 (CSA) sequence (GRCh37, NM_0000082.3) using Sequence Pilot software (JSI). Exons are numbered as in NG_009289.1.
Minigene construction and expression
Cellular assay to study the expression of a minigene was used to test the splicing effects of the variations found in the patients in intron 2 of the ERCC8 (CSA) gene.
The intronic sequence of interest (chr5: g.60.223.150_60.223.725/c.173+966_173+1541) was amplified by PCR using patient (double variant) and control (wild-type) DNA blood sample. The TA Cloning kit (Life Technologies Inc.,) was used for directly inserting the PCR product into the pCR2.1 plasmid vector. Single variant constructs were obtained from the wild-type-TA plasmid by in vitro mutagenesis (Supplementary data 1 for the primers used). Each of the four genomic fragments (wild-type, double variant and single variants) were then subcloned into the pSPL3B vector, between two exons of rabbit βglobin gene, using Not I and Sac I digestion/ligation. All constructs were verified by sequencing. Minigenes carrying either the wild-type sequence or the double variant or the single variants were transfected separately into Neuro2a cells, primary human fibroblasts and HeLa cells by lipofection using lipofectine2000 transfect reagent (Life Technologies Inc.) according to the manufacturer's instruction. The splicing patterns corresponding to the wild-type and to the mutant alleles were then compared by reverse transcriptase-PCR analysis of the RNA from transfected cells. Total cellular RNAs (isolated using the TRIzol Reagent) were treated with DNAse and then reverse transcribed using transcriptase (Life Technologies Inc.). The complementary DNA were amplified with primers specific to rabbit β globin sequences and the cryptic exon (Supplementary data 1). The PCR products were resolved on a 1% agarose gel and sequenced using the same primers.
In silico splicing prediction
To identify and evaluate the strength of potential 5′ and 3′ splice sites, on the partial sequence of intron 2, we have used the Splice Site finder (SSF, http://www.umd.be/sea rchSpliceSite.html), MaxEnt (http://genes.mit.edu/burgelab/ maxent/Xmaxentscan_scoreseq.html) [14] , BDGP Splice site prediction by Neural Network (BDGP/NNSplice: http:// www.fruitfly.org/seq_tools/splice.html) [15] and Human Splicing Finder (HSF, http://www.umd.be/HSF/) [16] predictors via the Alamut. Visual 2.8 software (Interactive biosoftwares). By default configuration, scores are significant when they are upper than 70, 0, 0.4, and 65, respectively.
To predict the location of serine-arginine (SR)-proteinspecific putative ESE (Exonic Splicing Enhancers) in the sequence of our patients, a web-based program called "ESE finder3.0" (http://rulai.cshl.edu/cgi-bin/tools/ESE3/ esefinder.cgi) has been used. This program scores any sequence for the presence of consensus motifs thought to serve as binding sites for the specific SR splicing factors SRSF1, SRSF2, SRSF5, and SRSF6.
Exome sequencing
Exome sequencing (ES) of patient 1 and 2 was performed using a solution exome capture kit (SeqCap EZ MedExome Target Enrichment Kit, Roche, USA) and Illumina HiSeq sequencing platforms (Illumina, Inc., San Diego, California, USA) to generate paired end reads sequences. Sequence analysis pipeline included alignment with BWA-mem against the hg19 genome reference, GATK for base recalibration, indel realignment and the GATK Unified Genotyper for variant calling. Variants calling were generated in the standard VCF version and filtered for common variants between the two affected brothers, and excluding known common variants in the dbSNP131 database, 1000 genomes, Exome Variant Server, the Exome Aggregation Consortium (ExAC) and a local ES databases. Subsequent variant annotation and ranking was performed using VaRank v1.3.5 [17] configured with Alamut Batch (Interactive biosoftware). Variant Call Format (VCF) files are available on request.
Results
Molecular characterization of the disease-causing variation
In order to characterize disease-causing events in two CS brothers born from consanguineous parents, the first step of our diagnostic strategy has been to test DNA repair activity using functional assays on the patients' fibroblasts. Both patients presented a severely decreased RRS (recovery of RNA synthesis) (Fig. 1d) , a pattern in accordance with the defect of the TC-NER pathway in CS.
In order to identify the disease-causing variation, DNA sample of our patients has been analyzed by Sanger sequencing to look for nucleotide variation in the two main genes involved in CS, ERCC6 (CSB) (NM_000124.3) and ERCC8 (CSA) (NM_000082.3). This assay did not identify any disease-causing variant neither in the coding sequence nor in the intron/exon boundaries of the genes.
Considering the relevant clinical presentation, the consanguinity of the patients and the DNA repair deficiency, RT-PCR of both ERCC6 (CSB) and ERCC8 (CSA) mRNA, followed by an agarose electrophoresis of the amplified products, have been performed. Whereas a normal profile was obtained for all ERCC6 (CSB) cDNA products (data not shown), the amplification of the whole ERCC8 (CSA) cDNA in the patients has revealed a very weakly expressed normal transcript and multiple abnormal transcripts of a higher size of a few hundreds base pairs (Fig. 2a) , suggesting the inclusion in the mature transcript of an additional sequence. Overlapping RT-PCRs of the ERCC8 gene have allowed us to localize the inserted sequence between exon 2 and 3. To characterize the nucleotide change underlying this event, sequencing of the purified exon 2-exon 3 RT-PCR fragment was performed and demonstrated the coexistence of only two isoforms: a normal transcript and a single mutated transcript carrying a frameshift insertion of 348 bp between exon 2 and 3 (Supplementary data 2). BLAST analysis allowed to map the inserted sequence in the NCBI Reference Sequence NG_009289.1 of the Homo sapiens chromosome 5, which includes the ERCC8 (CSA) gene, with 99% homology. The insert of 348 bp corresponds to a segment of the intron 2 that starts at position +1085 downstream to the 3′ end of exon 2 (r.173_174ins173+1085_173+1432).
The junction between exon 2 and the insert has been checked by sequencing the PCR product obtained after amplification of the patient cDNA with one forward primer in exon 2 and one reverse primer in the insert (Fig. 2b, c) . The same check has been performed at the junction between the inserted fragment and exon 3. The insertion interrupts the reading frame by introducing a premature stop codon after the Arginine 57 (p.Tyr58*) (Fig. 2c) . Western blot analyzes indicated the complete absence of the CSA protein in both patients (Fig. 2d) .
Bioinformatics predictions of splice sites at the insert boundaries revealed the presence of a 5′ (acceptor) splice site at c.173+1085 and a 3′ (donor) one at c.173+1432 with significant scores for all tools (see Materials and Methods section). Due to the presence of these natural splicing sites flanking the inserted segment on genomic DNA, our first assumption was to search a nucleotide variation at the level of these splice sites. We undertook genomic DNA analysis of intron 2 in the patients by PCR amplification and sequencing of a DNA fragment corresponding to position c.173+966 to c.173+1541. This analysis showed no change at the level of c.173+1085 donor and c.173+1432 acceptor sites but the presence in the two brothers of two homozygous variations inside the insert, NG_009289.1 (NM_000082.3):c.173+1119G>C
(Chr5(GRCh37): g.60223572C>G) and NG_009289.1(NM_000082.3):c.173 +1158A>G (Chr5(GRCh37):g.60223533T>C) (Fig. 2e) . The first c.173+1119G>C variant is absent from public data bases such as dbSNP142 (The Database of Single Nucleotide Polymorphisms (http://www.ncbi.nlm.nih.gov/ SNP/). Accessed: Build ID: 142) and is reported in the Genome Aggregation Database (GnomAD, http://gnomad. broadinstitute.org/) [18] with an extremely low frequency of 6.617e-5 (2 alleles on 30,224, no homozygous). The second c.173+1158A>G variant is a known variant (rs4647068) with no functional effect reported with a frequency of 0.02510 in the Genome Aggregation Database (759 alleles on 30,236 with 10 homozygous reported). This deep intronic region was not covered in the ExAC projet (The Exome Aggregation Consortium (http://exac.broadinstitute. org). Accessed: December 2016). The segregation of these variations has revealed that both parents were heterozygous carrier of the variants (Fig. 2e and 2f) , whereas one healthy sister of the patients was homozygous for the wild-type alleles. 
Exome sequencing
As several clinical features at birth are uncommon for longlived CS patients, we performed exome sequencing in both patient 1 and 2 to look for any additional disease-associated variant that might influence the phenotype. Analysis of exome sequencing data was restricted to variations shared between the two brothers and was conducted in three independent steps. First, comparison of the variant file with the ClinVar database revealed that patients 1 and 2 are heterozygous carriers of disease-associated known variant in two genes implicated in autosomal recessive diseases (NPC2 involved in Niemann-Pick disease type C and F11, involved in Congenital factor XI deficiency) (Supplementary data 3). Second, no additional variation was found in genes involved in the NER pathway (DDB2 (XPE); ERCC1; ERCC2 (XPD); ERCC3 (XPB); ERCC4; ERCC5 (XPG); ERCC6 (CSB); ERCC8 (CSA); GTF2H5 (TTDA); MPLKIP (TTDN1); PCNA; POLH; RNF113A; SMARCAL1; UVSSA (KIAA1530); XPA and XPC). Finally, analysis of homozygous variants located in OMIM genes did not reveal any convincing variation that might influence the phenotype of the patients.
Minigene construct and expression
In order to further investigate the effects of both c.173 +1119G>C and c.173+1158A>G variations on the splicing we used a cellular assay to study the expression of a reporter minigene system with exon-trapping model [19] . The ERCC8 (CSA) cryptic exon with flanking sequences was subcloned in pSPL3B vector, between two exons of the rabbit β-globin gene. The wild-type and double variants construct were obtained from patient and control DNA, respectively, whereas single variant constructions were obtained by in vitro mutagenesis. The splicing patterns corresponding to the wild-type and to the mutant alleles were compared by reverse transcriptase-PCR analysis of the RNA from transfected cells. Figure 3 shows the RT-PCR products obtained from HeLa transfected cells by using a forward primer (SD6) in the β-globin first exon and a reverse primer (ECR) within the inserted ERCC8 sequence to better visualize and highlight the amplification of the abnormal splicing species (which were faintly visible when using the β-globin primers SD6 and SA2). The same amplification was performed at the other boundary using the ECF and SA2 primers (data not shown). However, no transcript was visibly amplified with the wild-type construct indicating that the c.173+1085 donor and the c.173+1432 acceptor splice sites are not functional and could not promote the insertion of the cryptic exon within the transcript. On the contrary, transfection with the double variant vector has led to the production of a chimeric β-globin-ERCC8
RT-PCR product. Sanger sequencing of this amplicon confirmed the inclusion of the cryptic ERCC8 exon in the transcript, starting at the position c.173+1085. At the other boundary, PCR obtained with the ECF/SA2 primers showed that the cryptic exon ended at the position c.173+1432, as observed in patient's RNA. Then single variant constructs were used to decipher the specific role of each variant. The expression results obtained with the c.173+1119G>C variant were the same as the ones observed with the double variants, whereas the c.173+1158A>G results mimicked the wild-type results. These data support that the c.173 +1119G>C variant is a disease-associated variant whereas the c.173+1158A>G variant does not affect function. Similar results were obtained by transfection in other cell lines (Neuro2A and human primary fibroblasts, data not shown).
Discussion
We report here the case of a deep intronic nucleotide variation causing the insertion of a cryptic exon in the ERCC8 Fig. 3 In vitro analysis of the effect of ERCC8 (CSA) c.173 +1119G>C and c.173+1158A>G variants using a minigene assay. The genomic DNA segment tested is shown schematically above the panel: white boxes represent β-globin exons of the minigene vector and gray box illustrates the 348 bp insert from intron 2 (c.173 +1085_173+1432) cloned into the vector. The lower panel represents migration patterns of RT-PCR products (primers SD6 and ECR) from HeLa cells transfected with wild-type, double-mutant, c.173 +1158A>G, and c.173+1119G>C variants. The two last lines are negative controls (RT control and PCR control, respectively). The PCR products were obtained by using a forward primer (SD6) in the β-globin first exon and a reverse primer (ECR) within the inserted ERCC8 sequence to highlight the amplification of the abnormal splicing species (which are faintly visible when using the SD6 and SA2 β-globin primers). The 1000 bp band has been sequenced and corresponds to plasmid DNA or to non-spliced transcript. A schematic representation of the PCR products is shown on the right of the picture (CSA) transcript, by modifying intronic regulatory elements important for exon definition (Fig. 4) . This variation was identified in two brothers in whom the diagnosis of Cockayne syndrome was clinically suspected and confirmed by DNA repair deficiency. In the absence of variation in the coding sequence of the two main genes involved in Cockayne syndrome, a RT-PCR followed by a sequencing analysis of both transcripts have been performed. Multiple largest ERCC8 (CSA) transcripts were amplified in both patients when studying the full ERCC8 (CSA) cDNA, and both patients donot have exactly the same profile. However only two isoforms were detected after exon 2-exon 3 amplification and sequencing: the normal transcript and a mutated transcript carrying an insert of 348 bp of intron 2 (c.173+1085_173+1432) between exons 2 and 3. We hypothesize that the multiband profile observed after wholegene amplification could be explained by heteroduplex formation between the isoform with the cryptic exon and isoforms corresponding to the wild-type and alternatively spliced transcripts. However the possibility of different splicing products based on the different combinations of splicing acceptor and donor sites cannot be excluded. Bioinformatics prediction of splice sites at the insert boundaries in intron 2 has revealed a 5′ splice site (5′ss) at c.173+1085 and a 3′ one at c.173+1432. The patients are moreover homozygous carrier of two differences within this insert, an unknown variation c.173+1119G>C and a known variant with no functional effect, c.173+1158A>G reported with a frequency of 2.5%. The contribution of c.173 +1119G>C variation on splicing alteration and the neutral effect of the c.173+1158A>G common variant have been demonstrated in vitro with a reporter minigene system. The c.173+1119G>C change, by modifying intronic splicing regulatory elements, activates the potential splice sites flanking the intronic sequence, leads to intronic retention, frameshifting and the generation of a premature termination codon at the very end of exon 2 that prematurely interrupt the WD-repeat CSA protein (Fig. 4) . This variant has been submitted to the ClinVar database (accession SCV000537862). Despite the presence of a small quantity of normal transcript, no full-length protein was detected by western blot. The sensitivity of the antibody and the western blot assay could be too low to detect small amount of normal CSA protein in fibroblast cultures.
In this study, the minigene delivery strategy, rather than the use of in silico bioinformatic predictors, has been implemented to validate the effect of the variations on splicing. Variations affecting canonical splice sites or creating an exonic cryptic site can now be predicted with high confidence by in silico tools that evaluate the strength of splice sites [20] . However, identifying bona fide functional splicing regulatory elements such as ESE (exonic splicing enhancers) remains a challenging issue as splicing regulatory signals are intricate, often overlapping and context-dependent [21, 22] . Cellular assays and functional studies are still required for the validation of bioinformatic predictions. In the present case, the prediction of binding sites of serine/arginine splicing factors (SRSF) has been studied using the web-based "ESE finder 3.0" program and the results illustrate the difficulty to predict the impact of nucleotide changes potentially affecting regulatory elements (Supplementary data 4) .
The minigene strategy used in this study also has several drawbacks. Inclusion of the cryptic exon into the β-globin transcript is not very efficient as overlapping PCR between the β-globin exon and the cryptic exon was needed to detect it. However as the splicing effect of the variants has been observed in vivo on the patients's fibroblasts, the minigene assay using different cell lines (Neuro2A, HeLa and human primary fibroblasts) was only used here in a qualitative manner to discriminate the functional effect between the two variants c.173+1119G>C and c.173+1158A>G. This test is not quantitative at all and does not reflect what's happen in the different tissues of the patients.
Descriptions of CS cases due to splice disease-causing variations are rare: 19 splice variants have been identified in ERCC6 and 12 in ERCC8 (the Human Genome Mutation Database (https://portal.biobase-international.com/hgmd/ pro/start.php and personal data). Most of these changes affect the splice site consensus sequences (29 variations out of 31) and usually involve one of the six bases surrounding the exon/intron junction. An ERCC6 disease-causing variation has been described at 26 bp from the junction (c.2599-26A>G) (patient CS177VI, [11] ), creating a new acceptor site and leading to partial insertion of intron 13 in the transcript (r.2598_2599ins2599-25_2599-1). Midintronic variation creating a cryptic exon has only been described once in a CSA patient (patient CS333VI, [11] ). In this case the homozygous deep intronic substitution c.173 +1046A>G was shown to activate a cryptic splice site within intron 2 of the CSA gene leading to partial insertion of intron 2 in the transcript (r.173_174ins173+977_173 +1045). The intron involved in this patient is the same as the one in the present family. Contrary to mechanisms described in CS333VI, where deep intronic variant activate an imperfect splice site, our nucleotide variants are located within the inserted sequence and consequently its diseasecausing mechanism should be different. We postulated in our case that the nucleotide variants affect a critical cisregulatory elements resulting in a cryptic exon insertion that interrupts the reading frame of the mature mRNA. To our knowledge, it is the first Cockayne patient described with this kind of nucleotide change. A similar disease-causing mechanism has been described in several genetic diseases such as Fabry disease [23] , X linked Alport syndrome [24] , afibrinogenemia [25] , cblE type of homocystinuria [26] , or Duchenne muscular dystrophy [27] . Various levels of severity have been described in CS [2] . Type II CS patients typically show symptoms at birth and an average lifespan of 5 or 6 years. Type I or moderate CS patients usually experience the first signs of the disease at the end of the first year of life and mean life expectancy is around 16 years. Type III CS patients may only manifest the first symptoms after several years of life and death occurs at a mean age of 30 years. In this study both affected patients presented an early onset of the disease (at birth for patient 1 and during neonatal period for patient 2), as well as a severe clinical phenotype, contrasting with their relatively long survival (23 years for patient 1, at least 17 years for patient 2). A similar clinical profile has been observed in the CS333VI patient mentioned above [11] : this CSA patient, homozygous for an ERCC8 (CSA) deep-intronic change that activates an imperfect splice site, showed an early onset of symptoms (psychomotor delay diagnosed at 4-5 months of age), as well as severe involvement, contrasting with an age at death of 17 years. The paucity of CS cases with early onset and prolonged survival prevent from a robust genotype-phenotype correlation study but some issues could be hypothesized. First, a recent large cohort study of 102 CS patients [3] demonstrated that ERCC8(CSA) disease-causing variations have a borderline significant association with longer survival, compared to ERCC6(CSB) variations, confirming the tendency that CSA variations seem to be linked preferentially to the moderate form of the disease [2] . Despite the early onset, the reported cases linked to the CSA gene are in accordance with this observation.
Splice variations have not been constantly associated with milder phenotypes in former genotype-phenotype correlations studies [11, 28] . However the presence of at least one splice variant in all CSB patients previously described with mild type III disease [11] supports the hypothesis that splicing events could have less deleterious consequences compared to non-splicing variants. Moreover the type and degree of aberrant splice, and its corollary regarding residual expression of wild-type isoforms, may vary between tissues and organs and/or during development. This may also contribute to the different effects of CSA variations on the severity of the CS symptoms. However this hypothesis is difficult to study due to the scarcity of such cases and to the difficulty to have access to representative tissues in space and time.
Finally, we cannot exclude the possibility in our patients that another variation in a different gene might have contributed to the severe developmental problems, which are unusual in otherwise relatively mild CS. Exome sequencing performed on both brothers has excluded potential diseasecausing variations in OMIM gene, including genes involved in the NER pathway. However, we cannot exclude the presence of a variation in a potential modifier gene that might account for the severe clinical features at birth.
Finally the present cases share similarities with the unelucidated Japanese patient described more than 10 years ago by Komatsu et al. [29] : multiple splicing CSA variants were identified in a CS patient with late-onset and prolonged survival form, but no disease-causing variation could be found at the genomic level. This observation may also be explained by un-identified variation affecting regulatory splicing sequences, by either weakening or strengthening exon recognition. As in the Japanese patient, multiple mRNA species have been observed in patients 1 and 2 and the relative intensities of each mRNA species are slightly different between the two brothers (Fig. 2a) . The complexity of splicing regulation machinery and the combined effects of numerous cis and trans acting elements may explain alternative splicing in patients' cells as well as intrafamilial variability.
In summary, this report strongly supports the diseasecausing effect of ERCC8 (CSA) deep intronic variation NG_009289.1(NM_000082.3):c.173+1119G>C and describes a new molecular mechanism in CS: in this new paradigm for CS, the variant affects a regulatory splicing sequence leading to an activation of splice sites and incorporation of a cryptic exon which interrupts the reading frame of the mRNA. It underlines the importance of transcript analysis, every time that the clinical presentation is highly relevant and genomic analysis is normal. The description of this additional patient with early-onset symptoms and unexpectedly slow rate of progression of the disease, associated with deep-intronic variation, raises the possibility of genotype-phenotype correlation, though additional cases are required to further support this hypothesis. Moreover, these cases confirm the variability of CS and highlight the difficulty of classification in distinct severity groups.
